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The present invention presents methods for modeling the 
high frequency and noise characterization of MOSFETs. The 
models may be readily implemented as part of a SPICE or 
other simulation in a design flow. In particular, this invention 
is capable of providing a sub-circuit representation of a 
MOSFET that can accurately predicate a MOSFET’s loW 
frequency, high frequency, and noise characterizations. An 
interface is described through Which a user may simulta 
neously optimize all of these characterizations. Further, 
methods are presented for building models that can predicate 
the variations in MOSFETs due to manufacturing processes 
and generate a corresponding corner model. 
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MOSFET MODELING FOR IC DESIGN 
ACCURATE FOR HIGH FREQUENCIES 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to the simulation 
of electronic circuits and, more particularly, to the high 
frequency modeling of MOSFET circuit elements. 

2. Background Information 
MOSFET technology Was originally developed for use in 

DC and loW frequency applications. As early versions of this 
technology Were incapable of operating properly at higher 
frequencies, bipolar junction and GaAs transistors Were used 
for radio frequency applications. HoWever, as MOSFET 
process technology has moved into the deep submicron 
region, the cut-off frequencies of such devices has increased 
into the tens of gigahertZ, making MOSFET technology a 
serious alternative for high frequency circuit integration. 

The use of entirely MOSFET technology for implement 
ing circuits for radio frequency applications alloWs for 
maximum integration of the RF front end, baseband logic, 
custom analog, and memory modules for complete systems 
on a single chip. Integration not only reduces device siZe, but 
alloWs system manufacturers to drive manufacturing costs 
doWn. 

An important tool in the design of such large integrated 
circuits are methods of circuit simulation, the most familiar 
being SPICE. To run a SPICE or other circuit simulation, the 
circuit designer provides a description of the circuit, choos 
ing a model for the various elements and specifying the 
parameter values, and the desired analysis, Which speci?es 
What sort of simulation Will be performed in order to provide 
the desired output. This information forms a netlist Which 
the designer runs to analyZe the circuit. 

The simulation tools available for non-linear MOSFET 
devices re?ect the origin of this technology in DC and loW 
frequency applications. While MOSFET devices noW pos 
sess the performance needed for high frequency operation, 
the available design tools have yet to fully learn and embrace 
the intricate physical phenomena of such high speeds of 
operation. Without access to such “RF-ready” design tools, 
designers are hard pressed to design products that meet the 
tight constraints on poWer consumption and noise that leave 
very little margin for error. 

One technique used in simulation is to replace non-linear 
elements in the netlist With a sub-circuit. Although it is 
possible to use a detailed equivalent circuit that accounts for 
all the physical elements that are part of a MOSFET tran 
sistor operating at high frequencies, the result is generally 
too complex to implemented as a compact model or sub 
circuit for simulation. Additionally, many of the component 
values Would be dif?cult or even impossible to extract and 
the resultant sub-circuit Would contain a large number of 
internal nodes, greatly increasing the simulation time. Cur 
rent techniques for the production of a sub-circuit for use in 
simulation of MOSFET circuits are extremely sloW and 
often provide inaccurate results When pushed into the RF 
region. What is required is a MOSFET model that can 
accurately extend Well into the gigahertZ range, be quick, 
and still give accurate DC and loW frequency AC ?tting. 

Another important consideration in circuit design is noise. 
In addition to providing a uni?ed design tool that can 
accurately describe MOSFET operation in the DC region as 
Well as its high frequency behavior, the model should 
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2 
preferably incorporated noise considerations. In this Way, 
the designer can simultaneously consider all of these effects 
and emphasiZe those most important to overall circuit’s 
characteriZation. 

SUMMARY OF THE PRESENT INVENTION 

The present invention presents methods for modeling the 
high frequency and noise characteriZation of MOSFETs. The 
models may be readily implemented as part of a SPICE or 
other simulation in a design ?oW. In particular, this invention 
is capable of providing models that can accurately predicate 
a MOSFET’s loW frequency, high frequency, and noise 
characteriZations. Further, methods are presented for build 
ing models that can predicate the variations in MOSFETs 
due to manufacturing processes. 

According to one aspect of the present invention, the 
method for modeling MOSFETs incorporates the device’s 
high frequency characteriZations While still maintaining an 
accurate DC and loW frequency AC description. In the 
exemplary embodiment, this process begins With receiving 
DC characteriZations of the device, such as terminal current 
vs. terminal voltage and terminal capacitance vs. terminal 
voltage. The resultant DC modeling can accurately predicate 
the loW frequency characteriZations and is converted into a 
sub-circuit Which contains a intrinsic MOSFET and some 
parasitic elements. The topology of this sub-circuit is user 
de?nable. The S parameters of the device are also measured 
and are used in a de-embedding process to eliminate the 
parasitic effects. Physical extraction determines initial val 
ues for the sub-circuit elements. Once these values are set, 
the simulated device high frequency characteriZation is 
compared With measured characteriZation from the S param 
eters. An optimiZation procedure is used to reduce the 
difference betWeen simulated and measured characteriZation 
by adjusting user selected model parameters, value of ele 
ments in sub-circuit, or a combination of both. 

In an exemplary embodiment, When the DC model is 
converted into a sub-circuit, several key model parameters 
are checked, such as the source to drain resistance, RdsW If 
the resultant parameter values in model card are too big, then 
this model card is not readily adapted to the present process, 
or is not “RF-ready”, and the DC model may need to be 
regenerated. Another example of a parameter Which may be 
checked is the source to drain junction capacitance, Cj-swg, 
possibly resulting in a pair of external diode elements being 
extracted and added to the sub-circuit, With one at the source 
terminal and the other at the drain terminal. 

According to another aspect of the present invention, an 
improved method of simulating the device’s response 
parameters is described Which alloWs a user to optimiZe the 
sub-circuit more quickly. This is done by greatly reducing 
the number of iterations needed during this process. A 
simulation engine calculates the response of the device in Y 
parameter representation and subsequently converts them 
into S parameters. Additionally, not all data points are 
simulated: only a subset of these points are simulated With 
the rest interpolated. This alloWs the simulation to be 
performed in real time, alloWing for an interactive optimi 
Zation. 

Another feature of the present invention optimiZes the DC 
characteriZations and high frequency characteriZation of the 
device simultaneously. As the high frequency characteriZa 
tion is a strong function of ?rst derivative of the drain 
current, the model can no longer just ?t the drain current, but 
must also ?t its derivative. Due to the limitations of 
modelling, some trade off betWeen DC ?tting error and high 
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frequency ?tting error is usually necessary. By allowing the 
user to choose the targets for the optimiZation process, the 
user can perform a multi-object optimiZation and balance the 
relative importance of the DC and high frequency charac 
teriZations. 

The present invention also provides a graphic user inter 
face for performing the optimiZation process. The interface 
alloWs the user to select model parameters or elements 
Within the sub-circuit, vary their values, and dynamically 
present the change of the simulated DC and high frequency 
characteriZations. This provides an intuitive Way to analysis 
the sensitivity of these parameters. 

Further aspects of the present invention extend its meth 
ods to incorporate RF noise modeling. In one embodiment, 
after the high frequency model has been created, the mea 
sured minimum noise ?gure and optimum matching imped 
ance are received after de-embedding. Physical extraction is 
performed and noise data is simulated and compared With 
measured data. OptimiZation is then performed to reduce the 
difference betWeen the simulated and measured data. The 
optimiZation can again be done With the graphic user 
interface, but noW dynamically shoWing the change of 
simulated DC and high frequency characteriZations and 
noise data. In an exemplary embodiment, the simulation 
engine uses the “direct matrix method” to calculate the noise 
characteriZation. Several matrix arrays are opened in the 
engine for storing the frequency dependent and frequency 
independent components greatly improving optimiZation 
speed. 

The present invention optimiZes the DC characterizations, 
high frequency characterization, and noise data of the device 
simultaneously. The noise characteriZation is generally 
strongly dependent upon the DC and high frequency char 
acteriZations. Due the limitations of modelling, some trade 
off betWeen DC ?tting error, high frequency ?tting error, and 
noise characteriZation is usually necessary. By again alloW 
ing the user to choose the targets for the optimiZation 
process, the user can perform a multi-object optimiZation 
and balance the relative importance of these elements. 
An additional aspects of the present invention is modeling 

the variations in the high frequency characteriZation caused 
by the variations in semiconductor manufacture process. 
This provides process corner modeling extending into the 
high frequency region. An exemplary embodiment begins 
With receiving electrical test (ET) data and a typical model 
(sub-circuit) that can accurately predicate the DC, high 
frequency, and noise characteriZation. Based on these, the 
Monte Carlo method is used to simulate the result of process 
variations on the device. 

The present invention provides a neW method to calibrate 
the Monte Carlo result. First, the user selects input variables 
for the Monte Carlo simulation based on process informa 
tion. These variables can be either the model parameters or 
elements of the sub-circuit. The user inputs information on 
the statistical distribution of the electrical test data to be used 
for calibration. A Monte Carlo simulation is used simulate 
the distribution of the electrical test data, With the statistical 
distributions of simulated and measured electrical test data 
then compared. The distribution of the of the Monte Carlo’s 
input variables are correspondingly adjusted until the dis 
tributions suf?ciently agree. The result is a “calibrated” set 
of input variables. With these calibrated variables, the user 
can accurately simulate the device or circuit characteriZation 
for the chosen output targets. 

Additional objects, advantages, and features of the present 
invention Will become apparent from the folloWing descrip 
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4 
tion of its preferred embodiments, Which description should 
be taken in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1a is an embodiment of a sub-circuit for high 
frequency MOSFET model. 

FIG. 1b shoWs hoW the elements of FIG. 1a correspond to 
the physical MOSFET. 

FIG. 2 is a How chart for high frequency MOSFET 
modeling. 

FIG. 3a shoWs a MOSFET With the drain and source 
resistances as internal model parameters. 

FIG. 3b shoWs a MOSFET With drain and source resis 
tances modelled using sub-circuit elements. 

FIG. 4 is a box diagram of the concept behind the process 
shoWn in the How chart of FIG. 2. 

FIG. 5 is a sub-?oW for building the sub-circuit from the 
DC model. 

FIG. 6 is a small-signal equivalent circuit of FIG. 1 a 
shoWn in a 2-port netWork con?guration. 

FIG. 7 is a sub-?oW for physical extraction. 

FIG. 8 is a sub-?oW for simulating the S parameters. 
FIG. 9 is a sub-?oW for the interpolation process of 

response parameters. 
FIG. 10 is an example of one embodiment of the equaliZer 

WindoW of step 211 in FIG. 2. 
FIG. 11 is a sub-?oW of the Monte Carlo simulation 

calibrated With electrical test results. 

FIG. 12 is a sub-?oW of corner model generation. 

FIG. 13 is an example of hoW the corner model informa 
tion is displayed. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The main reasons Why simulation results from traditional 
loW frequency SPICE models are insuf?cient lies in the 
formulation of these loW frequency models. These models 
Were developed for digital and analog circuits that place 
their main emphasis on DC drain current, conductances, and 
intrinsic charge and capacitances behavior Well beloW the 
megahertZ range. As applications for MOSFET circuits have 
moved into the gigahertZ (109 HZ) frequencies, extrinsic 
components have become increasingly important and need 
to be taken into account if the device is to be correctly 
modelled. One example of such an extrinsic component is 
the substrate resistance. At gigahertZ frequencies, signals to 
the drain of the MOSFET can couple to the substrate and the 
source as a result of the decrease in impedance of the 
junction capacitances. 

To account for this and other effects, a number of external 
elements can be attached to the nodes of a MOSFET, as in 
the example shoWn in FIG. 1a. This ?gure shoWs various 
external elements attached to the intrinsic MOSFET 100, 
Whose terminals 101—104 have been labelled With the sub 
script i. These external elements, along With the intrinsic 
MOSFET 100, constitute the sub-circuit 150 With terminals 
151—154 labelled With the ext subscript. The sub-circuit 150 
is then used to replace the simple transistor 100 in the 
simulation, Where a modelling ?oW extracts the parameters 
for the elements of subcircuit 150. The process of extracting 
and optimiZing these external values to ?t measured RF 
characteristics While still ensuring good DC and loW fre 
quency AC ?tting results constitutes a high frequency MOS 
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FET modelling methodology, such as the implementation 
described beloW. 

FIG. 1b is a cross-section of a MOS transistor. This shoWs 
the physical origin of the various elements in the equivalent 
sub-circuit of FIG. 1a by superimposing these elements over 
the cross-section and using a corresponding labelling. The 
sub-circuit of FIG. 1a is just one example of the elements 
that can be included in the particular sub-circuit to represent 
a particular transistor. As described beloW, one aspect of the 
present invention is that the user is alloWed to select the 
topology of the sub-circuit representation. For example, 
depending on the application, in FIG. 1a a different substrate 
resistance netWork may be selected, or a capacitor, inductor, 
or both may be added at the gate. 

In addition to extracting parameters for the external 
elements, another physical effect Which Will be modelled is 
thermal noise. The effects of noise are an important consid 
eration in circuit design and the present invention alloWs the 
optimiZation of noise data simultaneously With the optimi 
Zation of the DC characteriZations and the high frequency 
characteriZation. The discussion beloW ?rst considers just 
the DC and high frequency portions of the method in order 
to simplify the exposition. The process including noise is 
similar in many aspects and Will be discussed folloWing the 
description of the corner model. 

FIG. 2 presents a high frequency MOSFET modelling 
?oW. In steps 201—213 the subcircuit for a particular tran 
sistor is constructed: When the effects of noise are included 
beloW, the additional steps Will occur betWeen steps 211 and 
213. The result of this How at the end of step 213 is a netlist 
?le for the high frequency ready sub-circuit of a non-linear 
device in, for example, a SPICE embodiment. This sub 
circuit is produced by the model engineer to be used by the 
designer as a “black box” that can be plugged into netlist of 
the larger circuit to provide a fast and accurate simulation 
Without the designer having to Worry about the details of the 
particular device. Subsequent steps 215 and 217 then cali 
brate the input parameters for the Monte Carlo process used 
to generate the corner model. 

The How begins at step 201 With the response of the 
transistor being measured, Which, together With step 203, are 
data preparation. Step 201 measures the scattering, or S, 
parameters of the MOSFET. The use of S parameters avoids 
many of the problems found in other representations of 
response parameters, such as the Z, Y, or H representations, 
When measuring devices at high frequencies. At RF and 
microWave frequencies, lead inductance and fringing 
capacitance can effect the ability to make precise measure 
ments on the MOSFET transistor. This can be exacerbated if 
the measurement scheme being used requires open and short 
circuit signal conditions, Which are dif?cult to maintain 
under high frequency operations. With S parameter 
measurement, there is no need to uphold these criteria. 
Instead, S parameter measurements are made under imped 
ance matching conditions, thereby avoiding unstable oscil 
lation for active device measurement. The use of S param 
eters for the high frequency characteriZation of a tWo port 
netWork are Well knoW in the art. 

The measurements made using S parameters preferably 
go through a de-embedding process before they are used. 
This is largely because the measured data contains parasitics 
originating With the test structure itself. Effects such as pad 
and metal line parasitics should be removed before the data 
can used for modelling. A number of techniques are avail 
able and Well knoW for the de-embedding process and can be 
applied to the data measured in step 201. 
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6 
In addition to the S parameter measurements, the DC 

current of the drain terminal is also measured as part of step 
201. This value Will be used beloW in step 207 to correct the 
DC model. 

In step 203 of FIG. 2, the parameters are converted and 
presented. Since the S parameter measurements made in step 
201 are small-signal measurements, they lend themselves 
Well to traditional small-signal circuit analysis. In order to 
use the S parameter data in this Way, hoWever, it is preferable 
to convert into an alternate response parameter representa 
tion. The most commonly used is the Y parameter 
representation, Where the conversion is performed through a 
standard set of ?xed equations. The Y parameters are the 
admittance, or the inverse of impedance, and describe the 
resultant current from a given voltage input. Aside from 
having a more familiar physical interpretation, When 
expressed in the Y parameter representation the data also 
have very smooth characteristics. These properties can be 
exploited during the sub-circuit optimiZation of step 213 of 
FIG. 2. 

These parameters can be displayed in a number of dif 
ferent Ways. In the preferred embodiments, a number of 
different choices are provided for the user to choose hoW 
these results are graphically displayed. These graphics are 
valuable for checking the validity of the measurement 
results. By alloWing the user of choice of selecting Which 
representation is used, and hoW the information is presented 
Within that representation, the user can focus on the param 
eters that are most important for a given application. 

This data can, for example, be presented in just the S 
representation, With S11 and S22 plotted in a smith chart, and 
S12 and S21 in a polar plot. The data can alternately, or 
additional, be displayed converted into the Y, Z, H, T, or 
ABCD representations. By presenting all of the different 
parameter sets at once, measurement results in these differ 
ing bases can be simultaneously be plotted at the same time 
in one graphic. Alternately, these can be plotted in different 
graphics With a scroll bar provided on the on-screen display 
so that the vertical bar can be used to broWse each graphic. 
Each parameter can preferably also be plotted With variable 
scales for magnitude, phase, real, and imaginary parts, 
depending upon the choices made by the user. 

Step 205 of FIG. 2 constructs the subcircuit representing 
the MOSFET from the DC model. This is a circuit such as 
that shoWn in FIG. 1a to represent extrinsic effects at high 
frequencies. The subcircuit model and its extracted param 
eters are meant to ?t the measure Y parameters for a single 
device With multiple bias conditions. HoWever, this ?tting 
should be achieved While still maintaining good DC and loW 
frequency AC ?tting accuracy. This consideration can place 
additional requirements on the sub-circuit construction pro 
cess. 

FIGS. 3a and 3b shoW an example of this process for the 
source and drain resistors RS 113 and Rd 111 of FIG. 1a. To 
describe the behavior of a MOSFET as done in the prior art, 
the netlist used in the simulation has number of parameters 
to describe the characteristics of the MOSFET. For example, 
in a common version of SPICE, HSPICE, the intrinsic 
description of the MOSFET is based on tWo sets of 
parameters, either of Which may be used by the designer. 
The ?rst set of intrinsic parameters is for the BSIM3V3 
MOSFET model. The second set is referred to as the ACM 
parameters and is based on an area calculation method. 

In FIG. 3a, the source and drain resistance are generated 
as part of the intrinsic description of the MOSFET. If the 
BSIM3V3 parameters are used, a number of intrinsic param 
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eters are entered in to the model Which then produces a 
resultant value for these resistors for a given set of bias 
conditions. If the ACM format is used, a different set of 
intrinsic parameters are entered to describe the transistor’s 
physical properties and from these the model determines 
these the internal values of the resistance. In step 205, the 
internal source/drain resistance has been transferred to the 
external resistors Rd 111 and RS 113 as shoWn in FIG. 3b, 
Which is a detail of FIG. 1a. 

In this Way, the intrinsic device 100 has been simpli?ed 
and the source/drain resistance made an explicit, external 
effect modelled using external elements in the sub-circuit. 
Correspondingly, all model parameters related to the intrin 
sic drain/source resistance calculation are turned off. This 
process can be considered as making the model card of the 
device “RF-ready” and consists of using the ACM format for 
the intrinsic parameters and setting their values so that do 
not duplicate those elements Which are noW placed external 
to the intrinsic MOSFET. The BSIM3V3 format is not used 
as the source/drain resistance varies With bias conditions in 
a Way Which Will not be as accurately modelled as in the 
ACM format, resulting in poor curve ?tting. It should also 
be noted that in the sub-circuit of FIG. 1a, a MOSFET 100 
still remains at the center of the sub-circuit and Will still have 
a number of intrinsic parameters Which still need to be 
speci?ed. In the process of making the corresponding model 
card RF-ready, it is only those parameters that are related to 
the sub-circuit components explicitly represented by exter 
nal elements Which are turned off. 

Besides the source and drain resistances, an external gate 
resistance, Rg 112 of FIG. 1a, is also added. This resistor 
preferably not only represents the physical gate electrode 
resistance, but also the resistance of the channel as seen from 
the gate. The physical gate resistance scales inversely With 
the channel length, L. The channel resistance is found to 
have channel length and bias (Vgs, Vds) dependence, as 
described in X. J in, “An Effective Gate Resistance Model for 
CMOS RF and Noise Modeling”, Digest of Technical 
Papers IEDM-98, December 1998, page 961—964, Which is 
hereby included by this reference. The resulting bias depen 
dencies can be implemented With a voltage-controlled resis 
tor. 

External diodes Dsb 123 and Ddb 121 are also added to 
FIG. 1a in order to model the coupling from, respectively, 
the source and the drain to the body. As With the resistance, 
once these external diodes are used in the sub-circuit, the 
intrinsic parameters corresponding to built-in junction 
diodes in the model card should be turned off. This is 
preferably done by setting all the area and perimeter calcu 
lation coefficients to Zero. In particular, the ACM format 
contains the parameters AS and PS to respectively specify the 
area and perimeter of the source and corresponding param 
eters Ad and Pd for the drain. These parameters Would all be 
set to Zero as the external diodes noW compensate for these 
intrinsic values. 

FIG. 1a also shoWs several resistances, R db 131, Rsb 133, 
and Rdsb 114, connected to the substrate. The literature has 
suggested a physical basis for various implementations 
using from one to four individual resistors as, for example, 
in S. F. Tin, et al., “A Simple Subcircuit Extension of the 
BSIM3V3 Model for CMOS RF Design,” IEEE Journal of 
Solid-State Circuits, Vol. 35, No. 4, April 2000, or W. Liu, 
et al., “RF MOSFET Modeling Accounting for Distributed 
Substrate and Channel Resistance With Emphasis on 
BSIM3V3 SPICE Model,” Digest of Technical Papers 
IEDM-97, December 1997, pages 309—312, Which is hereby 
incorporated by this reference. The choice of the number of 
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8 
resistors is a trade-off betWeen the additional number of 
degrees of freedom afforded by the resistors during optimi 
Zation and the resultant extended optimiZation time. For 
most applications, the three-resistor netWork of R db 131, Rsb 
133, and Rdsb 114 shoWn in FIG. 1a is a good compromise. 

Both for the substrate resistor netWork and the other 
external elements, FIG. 1a shoWs just one possible arrange 
ment. Preferably the technique provides several different 
templates from Which the user can choose, or else override 
if a desired choice is not provided. For example, in a 
particular application, the user may decide that a four 
resistor substrate resistor netWork is preferable despite the 
extra time that the optimiZation process Will require, or, 
alternately, that a single substrate transistor is suf?cient. As 
another example, in some instances the user may include 
additional elements in series With the gate resistor Rg 112, 
such as a parallel resistor/capacitor pair or an inductor if the 
MOSFET requires these additional external elements for an 
accurate characteriZation in the relevant frequency range. 
Also, it should again be noted that although this discussion 
is in terms of a basic transistor, this process also extends to 
other non-linear MOS devices. 
The process of step 205 of FIG. 2 can be described 

conceptually by the diagram of FIG. 4. The S parameter 
measurement results and DC model of the device from step 
201 are fed in to a block Where the simulation engine 
provides the RF accurate model for the device. The idea is 
to present the circuit designer With the appropriate sub 
circuit to use in the SPICE simulation of the larger circuit 
Without having to Worry about the details of the particular 
sub-circuit constructed, thereby treating it essentially as a 
black box provided by the model engineer and alloWing the 
designer to simulate the circuit operation in real time. The 
operation of the simulation engine as described Will itself 
utiliZe a SPICE simulation to produce the sub-circuit for the 
larger SPICE simulation of the circuit as a Whole, but in a 
someWhat reverse manner from the usual analysis: Here the 
input is the DC behavior (such as the drain current, I d, versus 
gate voltage, Vg) and the measurement results (the real and 
imaginary parts of the S parameters as a function of 
frequency) of the non-linear device, With the output as a 
sub-circuit With speci?ed parameter values. This sub-circuit 
can then be entered as a macro Within the SPICE netlist for 
the circuit. 
The DC model used as a starting point for the loW 

frequency characteriZation of the MOSFET can also account 
for a major portion of its high frequency behavior. HoWever, 
to fully account for high frequencies, the various sub-circuit 
elements must have their values extracted and optimiZed. 
The prior art has tended to focus on the more traditional 
DC/loW frequency operation of a MOSFET, or else focus on 
the radio frequency behavior. Balancing these tWo regions 
so that the model accurately represents the device through 
out its operating range Will often require some trade-off in its 
accuracy at one extreme or the other; hoWever, the present 
invention alloWs the user to simultaneously optimiZe both 
these regions by choosing the targets most relevant to 
particular application at hand. 

Returning to step 205, FIG. 5 is the chart for this sub-?oW 
as outlined above. In step 301, the accuracy of the DC model 
is checked. In the exemplary embodiment, this is done by 
looking at the calculated value of the intrinsic Rds. If, for 
example, this value as computed by BSIM3V3 does not exist 
or if the parameter value RdsW exceeds, say, 10, the DC 
model is taken to be incorrect and must be regenerated. 
Although this step is not required, it serves as an early check 
on the accuracy of the process. As the source to drain 
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resistance varies With bias conditions, if RdsW is too big, then 
When this value is converted into the corresponding sub 
circuit elements, the sub-circuit Will not have the proper 
behavior. Therefore, the DC model is regenerated by altering 
the ACM parameters to get a different model. 

Step 303 calculates the effective value for the external 
resistors connected to the source and drain by sharing the 
calculated drain to source resistance betWeen R d 111 and RS 
113. Again, the ACM parameters Which Would generate an 
internal drain/source resistance should be turned off as 
described above. 

Step 305 generates external diodes D db 121 and Dsb 123 
of FIG. 1a, as described above. Additional diodes may need 
to be added due to a side Wall capacitance of the source/drain 
junction under the gate. This is re?ected by the model 
parameter CjsWg having a non-Zero value. If this parameter 
is non-Zero, a second external diode is added in parallel With 
the ?rst for both the drain and the source sides and the 
corresponding built-in diodes in the model card should be 
turned off as Was previously done for the junction diodes. 

The substrate netWork is then generated in step 307. This 
can be the three-resistor netWork of FIG. 1a, another avail 
able template, or a user speci?ed structure. At this stage, the 
sub-circuit has been automatically built from the DC model. 
In step 309, the DC output of the subcircuit is compared to 
the devices measured Id vs. Vg behavior to check the 
accuracy of the construction. 

Returning to FIG. 2, once the sub-circuit is built in step 
205, physical extraction occurs in step 207. The purpose of 
physical extraction is to provide a good initial guess of the 
external model parameters of FIG. 1a. To carry out this 
extraction, the technique described in S. H. Jen, et al., 
“Accurate Modeling and Parameter Extraction for MOS 
transistors up to 10 GHZ,” IEEE Transactions on Electronic 
Devices, Vol. 46, No. 11, November 1999, and C. EnZ, et al., 
“MOS Transistor Modeling for R F I C Design,” IEEE 
Transactions on Solid-State Circuits, Vol. 35, No. 2, Febru 
ary 2000, Which are both hereby included herein by this 
reference, is used With some modi?cations. For instance, 
due the dif?culty in accurately measuring Y12, it is not used 
in the preferred embodiment. Also, the effective channel 
length Le? is extracted for use in the calculation of the 
gate/source capacitance Cgs. Additionally, the technique 
described here begins by adjusting the DC model parameters 
of Gm and G d5 since a feature of the present invention is that 
the sub-circuit is built from this DC model. The sub-circuit 
of FIG. 1a is realiZed as a tWo-port Y parameter netWork. Its 
small-signal equivalent netWork is then used to derive 
mathematical expressions for the four parameters Yll, Y12, 
Y21, and Y22. 

FIG. 6 is a small-signal equivalent circuit of FIG. 1a 
con?gured as a 2-port netWork. The corresponding nodes 
and elements of FIG. 6 are labelled the same as in FIG. 1a. 
This circuit can then be used to derive mathematical expres 
sions for the Y parameters Which Will be used in extraction. 
These expressions relate the measurable quantities, namely 
the Y parameters, to the extrinsic elements. For example, 
When the tWo port system is measured in the strong inversion 
mode With a VdS=0V bias and the device operating in the 
linear region, the Y11 parameter can be expressed as 

Where Cgg=Cgd+CgS+Cgb is the total gate capacitance. 
Parameters can then be extracted by expressions such as 
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Other parameters can use the expressions for the other Y 
parameters, such as 

With more details provided in the articles cited above. 
HoWever, as noted above, for the particular case of Y12, this 
parameter is generally very small and not easily measured, 
so that Cgd is not readily extracted from this last formula. 

Physical extraction is therefore a mathematical calcula 
tion Which does not involve numerous iterations. Its accu 
racy is limited by the assumptions underlying its mathemati 
cal expressions, the assumptions being necessary to 
maintain simplicity and usefulness. These expressions are 
linear approximations of the behavior of a non-linear device, 
but they can provide an initial set of parameter values 
relatively quickly Which can then be re?ned in later steps. 

FIG. 7 is an extraction sub-?oW giving more detail of step 
207 of FIG. 2. Note that this exemplary extraction sub-?oW 
begins by using gate capacitance and transcapacitances to 
extract gate resistance and overlap capacitance terms. This 
pair of extracted physical quantities are usually found to be 
important in producing good ?tting results. 

In step 401, the response parameter data measure in step 
201 in the S representation are converted into the Y 
representation, Z representation, or a combination of these 
representations as these tend to be more closely related to the 
physical properties of the device than the S representation. 
Using these representations, the model parameters are ?rst 
adjusted to ?t the loW frequency data points in step 403. This 
can be done for a frequency of, say, 100 MHZ, Where the 
standard modeling techniques are still relatively effective. 
Among the more useful parameters extracted here are the 
gate transconductance Gm and the source/drain transconduc 
tance G d5 (=1/RdS), Which are the leading terms in the real 
portion of the analytical expressions for, respectively, Y21 
and Y22. Thus, the extraction process here begins by adjust 
ing this pair of DC model parameters. These tWo parameters 
decide Y21 and Y22 and are normally not predicted accu 
rately by the DC model as this normally only accurate for the 
currents and not for their derivatives, Gm=6Id/6VgS and 
GdS=6Id/6VdS. 
By using the loW frequency SPICE model as described 

above, the RS, Rd, and Cgg values are calculated. The RS and 
R d are the external parameter in the sub-circuit of FIG. 1a. 
By subtracting the calculated Cgg value from the Cgg, Cgs, 
and Cgd values found from the Y parameter extraction, the 
extrinsic, overlap portion of these last tWo, Cgw and Cgdo, 
for different biases are obtained. From this information, the 
bias dependent overlap parameters, Which are part of the 
intrinsic MOSFET model in BSIM3V3,are extracted. 

Step 405 extracts the gate resistance, Rg. The external 
Rd/RS value and Cgw and CgdO values are subtracted to get 
Rg for different biases. The bias dependent parameters can 
then be extracted to give the external parameter value for Rg. 
This value can be extracted as Re(Y11)/[Im(Y11)]2. 

In step 407 the resistance, Rsub, and junction capacitance, 
Cj-bd, of the substrate netWork are extracted, Where these 
values are combined effective values of the netWork. This 
provides the drain to substrate capacitance at different Vdb 
values. The result is then mapped on the sub-circuit based on 
the model to provide the diode model parameters for ele 
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ments Ddb 121 and Dsb 123 in FIG. 1a Which are entered into 
the netlist for the diode portion of the sub-circuit. This result 
is also mapped onto the substrate resistor netWork to provide 
these external parameter values. This substrate network, 
Which accounts for the high frequency coupling from the 
source and drain to the body, is mainly re?ected in Y22. In 
this embodiment of the extraction process, only an overall 
resistance Rsub value is extracted. The correspondence 
betWeen this overall resistance and the values of the netWork 
Will depend upon the particular template or other choice 
selected by the user, With the various values adjusted as part 
of the optimization process. 

Step 409 optimizes the junction capacitance from this 
response parameter Y22, and is folloWed by the optimization 
of the effective channel length, Le?, in step 411 from the 
response parameter Yll. The value of Le? is extracted from 
its relation to Cgs, of Which Y11 is a function. This effective 
channel length is mainly used for the values of the intrinsic 
capacitances for intrinsic MOSFET 100. The optimization in 
both steps 409 and 411 is a “local optimization” performed 
as part of the extraction routine, as opposed to the “global 
optimization” of step 213 in FIG. 2, Where the user selects 
the parameter and data used. 
Some of the previous model parameter values determined 

by physical extraction can be changed in order to achieve 
even better ?tting accuracy betWeen measured and simulated 
response parameter characteristics. This optimization pro 
cess is more complex for the high frequency MOSFET 
model extraction because of the sub-circuit nature of the 
model. The introduction of so many extrinsic elements 
requires the optimization of a circuit in contrast to a single 
device used in traditional loW frequency modeling. Despite 
the relatively small size of the circuit, this places high-speed 
requirements on the circuit simulator, Which by default is of 
the SPICE variety and not knoW for speedy calculations. 
An alternate approach is to consider the optimization 

problem in a slightly different manner. Optimization is 
essentially a simulation intensive procedure and can be 
performed using standard numerical techniques such as 
“PoWell’s Quadratically Convergent Method” and “DoWn 
hill Simplex Method”. Thus any method Which can reduce 
the simulation time Will ultimately improve optimization 
speeds. The smooth, monotonic behavior of the response 
parameters in the Y representation can be exploited to reduce 
the amount of simulation. Because of these properties, it 
may not be necessary to simulate and optimize every mea 
sured bias point. Mathematical functions can be used to link 
together the many bias points. This alloWs the ability to 
accurately predict the overall trends through the simulation 
of a subset of the original bias points. For example, if every 
tenth data point is used, then the simulation time Would be 
reduces by an order of magnitude. 
A fast simulation algorithm is bene?cial not just from a 

pure optimization point of vieW. It can also help in deciding 
Which model parameters should be selected for optimiza 
tion. Interactive sensitivity analysis Would alloW model 
parameter values to be changed and the resulting effect on Y 
parameters characteristics of the entire sub-circuit be seen in 
real time. Thus, a chosen input parameter can be changed 
and the resultant effect on a selected response parameter can 
be vieWed Within a matter of seconds, Without the extended 
Wait that Would result if a full SPICE simulation Was 
required for all of the bias points. This feature can help to 
zero in on the most sensitive set of parameters, thereby 
reducing the optimization time. 
A number of examples of sub-circuit parameters and a 

corresponding collection of preferred response parameters 
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12 
are shoWn in Table 1. One or more of these sub-circuit 
parameters are the input, With one or more response param 
eters are the ?tting targets. By comparing the data values 
With the simulation values in the ?tting target, the sensitivity 
of the ?tting targets on the input parameters can be analyzed. 

Parameter to be Optimized Fitting Target 

Rg Re(Y11) 
Rdsb: Rsb, Rdb Re(Y22)> Im(Y22) 

Cgso Im(Y11) 
Cgdo Im(Y12)> Im(Y21) 
Cgbo Im(Y11)> Im(Y12)> Im(Y21) 

The sensitivity analysis and optimization process is con 
tained in steps 209, 211 and 213 of FIG. 2. In step 209 the 
response parameters are simulated. This can either be done 
in either the S representation, in Which the data Was origi 
nally measured or in another representation. If done in 
another representation, to compare the simulation With the 
data, the simulation must be converted to the S 
representation, the data must be converted to representation 
Where the simulation is done, or both must be converted to 
the same, third representation. Which choice, or combina 
tion or choices, is used Will depend upon hoW the user 
Wishes to display the ?tting targets in the equalizer WindoW 
of step 211. The chosen input (sub-circuit) parameters Will 
then also be displayed on the equalizer WindoW and can then 
be adjusted during the optimization of step 213. This may 
then require recomputations of step 209 until the desired 
level of optimization is reached. 
One aspect of the present invention is that the optimiza 

tion process is a multi-object optimization. Steps 201—207 of 
FIG. 2 have constructed a DC model to account for the 
loW-frequency behavior of the MOSFET, produced a sub 
circuit, and extracted an initial set of parameter values for 
the elements of this sub-circuit. The optimization process 
Which folloWs is directed to optimizing both the DC and the 
high-frequency response of the sub-circuit simultaneously; 
beloW, this Will be extended to also include noise modelling. 
By alloWing the user to select the optimization targets, the 
process can focus on those aspects of the device’s charac 
terization most relevant to the user’s speci?c design process. 

FIG. 8 is a How chart shoWing step 209 in more detail. 
This starts in With step 501 reading in the sub-circuit 
constructed in step 205 and having the initial values from the 
physical extraction of step 207. Using this information, the 
DC operation point is solved in step 503 by setting the 
external Vg and VS values to get values at the internal nodes. 
This DC simulation result is preferably saved into an array 
in order to boost the speed of iteration. This is folloWed by 
step 505 Which calculates the value of the small signal 
components in each non-linear device in the sub-circuit. The 
contribution of each component to the admittance matrix, 
both the frequency dependent and independent parts, Will 
also preferably be saved in an array as this Will greatly boost 
the speed of simulation When the frequencies are sWept. In 
steps 507 and 509, the various response parameters in the Y 
representation are computed in the standard Way by setting 
the voltages at the tWo ports. Finally, in step 511 these results 
are converted back into the S parameter representation or 
other representation Which Will be used for sensitivity analy 
sis. Since the simulation Will generally be done a number of 
times as part of the sensitivity analysis and optimization 
process, steps 507—511 Will actually form a loop done in 
each iteration of the simulation. 

Steps 507 and 509 Will preferably not calculate all fre 
quency points, thereby further increasing the speed of itera 
















